Chemisorption process and catalytic activity of CO to CO2 conversion on PdX Ru1−X (X : 0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1) extended as a benchmark for further investigation of very complex nanoparticle (NP) structures have been checked into thoroughly by using the synchrotron-based hard X-ray photoelectron spectroscopy (HAXPES). Assessment and diagnostic of core levels and valence bands data highlight valuable information regarding the surface interaction and structure of PdRu bimetallic nanoparticles (BM-NPs). Core level shift observed from the C 1s clearly emphasized that the Pd0.5Ru0.5 NPs which provide the highest catalytic efficiency (CO oxidation) exhibits a preferential adsorption of the CO molecule at the top site. Otherwise, our results also display that remaining NPs exhibit two components assigned to the bridge and hollow CO sites. Combination of Pd 3d 5/2 and Ru 3p 3/2 core levels results points out a transition from alloy structures to core-shell configuration with increasing the molar ratio of Ru. Valence-band maximum (VBM) demonstrates a position dependent to the molar composition of Ru. Additionally, by digging into the electronic structures (shape and width) of each NPs very deeply, we clearly emphasise the valuable relationship between composition, atomic arrangement, d-band and catalytic properties of bimeatllic PdRu. According to the HAXPES results, the strong and clear evidence for the enhanced CO to CO2 conversion ability of Pd0.5Ru0.5-NP may be assigned to the existence of a most favourable spatial d-band extension and an optimum balance between the core-shell and alloy structures. Electronic and chemical data and interpretations are consistent with the PdRu catalytic performances. This present prospection gives a new step towards a better knowledge on the catalytic surface interaction of binary, ternary and multimetallic NPs with reactants.
Over 80 % of manufactured products from the chemical industry include catalytic processes in the course of their fabrication. Catalysis consists in the acceleration of reactions through the use of substances called catalysts. Catalysts is not consumed during the reaction and highly decreases the energetic cost of reactions. The performances of a catalyst are generally described in terms of activity, selectivity and stability [1] [2] [3] . Catalysis by transition metal nanoparticles (NPs) can generally provide several ways to improve the rate at which the reactants are consumed or the products are formed. Otherwise, even though single metal shows a good performances, however the maximum catalytic activities from these transition metals is far from being achieved [4] .
Based on the possibilities offered by these materials, ongoing extensive researches on the combination of several single metal based on the Pt-group were started in order to optimize the efficiency of NPs. Compared to monometallic nanoparticles (M-NPs), investigation of bimetallic nanoparticles (BM-NPs) have attracted huge attention not only for the automotive exhaust converter, methane combustion system, hydrogen storage and COoxidizing abilities [5] [6] [7] [8] [9] , but also for the fundamental understanding of the catalytic surface synergies [10] [11] [12] [13] . In fact, mixture of two metals may display not only the combination of the properties related to the presence of two mono-metals, but also new properties due to a synergy between two metals [14] .
From these myriad possible combinations, Kitagawa and co-workers highlighted a similar hydrogen storage property between Ag 0.5 Rh 0.5 and Pd while the two individual metals (Ag and Rh) have no hydrogen storage ability [15] . These enhanced properties in BM-NPs are confirmed by results from the mixture Ru and Pd metals [16] . Wu et al. [17] and Kusada et al. [16] reported respectively that the composition activity studies on Pd 0.6 Ru 0.4 and Pd 0.5 Ru 0.5 NPs exhibit enhanced catalytic activities compared with Ru and Pd M-NPs under the same condition.
Furthermore, even though superior catalytic performances have been demonstrated in a large part of BM-NPs like Pd-Ru, Pd-Au, Ru-Cu, Pt-Ru, Ag-Ru and Au-Pt [18] [19] [20] [21] [22] [23] , there is a huge lack of fundamental researches about the clear understanding of the BM-NPs surface chemisorption mechanisms. Catalytic surface efficiencies obtained from the combination of two different metals have been related distinctively either to the geometric structure (strongly related to the Madelung constant of crystal) or electronic structure (considerably dependant to the average valence electron binding energy of different elements in interactions). As already reported by Song et al. [24] , geometric parameters can be tuned by adjusting composition, atomic ordering, morphology and size while the desired electronic properties of a target monometal can be reproduced via the mixing of other elements. However, a careful inspection of the BM-NP properties suggests that catalytic activities of BM-NPs do not only result neither to the geometric nor to the electronic structures but also a combination of both parameters as suggested by Kim et al. [11] and Guidez et al. [25] . Due to the high complexity involved in evaluating the factors governing the chemisorption mechanisms, we will attempt to anticipate the growth needs of the fundamental understanding of mixture NPs.
Prototypical bimetal based on Pd and Ru metals have been selected to study the intriguing relation between the chemisorption activities and the intrinsic properties. The choice PdRu NP is motivated by the fact that Pd and Ru metals can be useful from a strategic point of view. In fact, Ru-NP has attracted much attention as an effective catalyst for the steam-reforming reaction of methane, which is the main component of shale gas [26, 27] . Pd-NP shows an outstanding response for hydrogen storage, fuel-cell electrodes and exhaust-gas purification despite the catalytic activity of Pd is constrained by surface poisoning by CO [28] [29] [30] .
Because of the numerous role of Pd and Ru NPs in many industrial catalytic processes, it seems to be essential to find out what is the bunch of critical parameters governing the electrochemical performances. In this context, we will tend to correlate the catalytic performance to the chemical and electronic structures of the Pd X Ru 1−X -NPs with different compositions by using photoelectron spectroscopy based on the synchrotron source (HAXPES). In fact, electronic and chemical properties of these transition metal combinations arise mainly from the bonding behavior of metal d-band electrons interacting with reactants. Catalytic CO oxidation on transition metal surfaces described by the Langmuir-Hinshelwood mechanism can be a good way to theoretically highlight the degree of complexity of the chemisorption process. It can also serves as a link to understanding the electronic and chemical behavior during the adsorption of reactants such as CO and O 2 diatomic molecules.
From Fig.1(a) , we can follow a sequence of three steps: (i) adsorption of CO and O 2 , (ii) scission of O 2 and diffusion of the species over the surface until the reactants CO and O meet and generate the CO 2 product and (iii) desorption of the CO 2 product [31] . Concerning the energetic point of view [32] , the catalytic interaction begins with a bonding of CO and O 2 on the transition metal surface as reported schematically in Fig. 1(b) . This adsorption step is exothermic [33] , and the free energy is lowered. There then follows the reaction between CO and O 2 while they are bound to the catalyst. This step is associated with an activation energy. Finally, the CO 2 product releases from the transition metal surface in an endothermic step. Note that from Fig. 1(b) , the highest barrier controls the kinetics of the overall process.
Furthermore, though metal substrate does not visually participate as a reactant nor as a product and left unchanged when the CO 2 is came off, however the reaction could not happen without the electronic exchange occurred between reactants and the surface metal. In fact, when the valence band interaction between diatom molecules (CO or O 2 ) and metal is too weak, It will be impossible to create the CO 2 due to the low stability of reactant on the metal surface. In the same way when one or both reactants are strongly bonded (poising effect) with the surface catalyst, any CO 2 product could be obtain. Intermediate electronic exchange is always needed in order to achieve a good catalysis process. Further, as we can see in Fig. 1(c) , atomic and molecular orbital results when CO and O 2 are brought toward a transition metal surface are totally different due to the diverse types of interacting orbitals (azimuthal quantum number) and their symmetries (magnetic quantum number) [34] . In case of CO, interaction mainly result to the creation of lowest, middle and highest orbitals, which correspond to the filled bonding orbital, partial filled nonbonding orbital and empty antibonding orbitals, respectively. Conversely, the O-metal hybridization leads only to the creation of bonding and anti bonding orbitals. According to this strong implication of electronic states on the surface chemisorption, it would be helpful to have an understanding of the local electronic configuration when we design devices based on transition metal NPs for an specific catalytic applications.
In the present paper, samples synthesized by chemical reduction and investigated by HAXPES will be discussed. We highlight the preferential adsorption site of the CO molecule relative to the Pd X Ru 1−X -NPs composition. Through the Pd 3d 5/2 and Ru 3p 3/2 core levels, chemical interactions and structural configurations will be discussed and different models of configuration will be proposed. Analytical description is also provided in order to understand the intrinsic electronic exchange into the bimetallic structure (Pd and Ru) and how this electronic charge is distributed after contact. This latter part will give us an idea about how the Pd-Ru electronic exchange influences the properties of these systems. Finally, electronic structure investigation via the valence band (VB) will be examined and the electron distribution determined.
RESULTS AND DISCUSSION
The HAXPES measurements over an extended energy (from 0 to 800 eV) were carried out in order to assess each NPs in terms of elemental composition and relative abundances. These typical survey spectra reported in Fig. 2 show the presence of : nitrogen (N 1s) from the PVP surround; the key elements Pd and Ru from mono and bi metallic NPs; C and O from the carbon nanopowder, PVP protecting agent, water and adsorbed molecules (from the ambient air). From the Pd-NP to the Pd 0.9 Ru 0.1 spectra, the relative concentration of the Pd 3d 5/2 signals undergo an continual attenuation which is consistent with the nominal composition trend. Same progression is followed by the Ru 3p 3/2 peak when we go from the Ru-NP to the Pd 0.1 Ru 0.9 spectra. Higherresolution spectra of Pd 3d 5/2 and Ru 3p 3/2 regions as well as the valence band section of respective samples were taken and will be discussed in the following parts of this manuscript. Note that, normalization of spectra based on the C 1s maximum intensity have been made in order to clearly highlight the CO preferential surface localization (bond). Binding energy values from C 1s allow us not only to distinguish CO or C-C (C sp 2 , C sp 3 ) component but also differentiate the different location of CO molecular on NP surfaces. In fact, besides peaks around 280 eV and 284.5 eV which are found corresponding to Ru 3d 5/2 and C-C/Ru 3d 3/2 , respectively, we can underline several possibilities of CO to interact with PdRu-NPs. Binding energies from numerous studies have been used to identify specific CO sites such as terminal (on-top), bridge and hollow [35, 36] . The peak around 285.2 eV is recognized as corresponding to CO adsorbed in hollow sites on the metallic surface. Peak around 285.6 eV is assigned to CO binding in the bridge site. Finally, around 286.9 eV, CO component is attributed to CO adsorbed on the on-top site.
By combining data from these latter observations ( Fig.  3 ) and from Kitagawa team reports on these PdRu-NPs [16] , we can highlight that conversion of the CO to CO 2 is strongly affected by the adsorption sites of CO molecules. The importance of bonding (adsorption) sites on the catalytic activity of the co-adsorption system of mCO plus nO 2 on Ru(0001) were clearly and theoretically described by Schiffer et al. [37] , Narloch et al. [38] and Kostov et al. [39] . They also point out contributions from mutual interactions of reactants and provide different energetically more favourable co-adsorption configuration.
Below 50 % of Ru in the Pd X Ru 1−X composition in Fig. 3 , main contribution of the C 1s suggests a preferential adsorption of C (C sp 2 or C sp 3 ) on the NP samples. Additionally, the presence of a partial mixture of hollow-and bridge-bonded CO cannot be fully excluded due to the appearance of the low shoulder near the C-C peak. Furthermore, Pd 0.5 Ru 0.5 NP shows a different CO bond type with mainly on-top adsorption. Finally, for Pd 0.3 Ru 0.7 and Pd 0.1 Ru 0.9 , the CO conversion is influenced by the combination of a hollow-and bridgebonded. Following Fig 3, we highlight a competition between the C (C sp 2 or C sp 3 ) adsorption and the CO molecule as function of the molecular ratio of Pd and Ru. However, these results show only the presence of the CO on the PdRu surface but does not indicate on which atoms (Pd or Ru) the CO is bound. Figure 4 displays the Pd 3d 5/2 and Ru 3p 3/2 HAXPES results following Ru molar ratio. Starting with the fcc Pd-NPs data in Fig. 4(a) , we remark that even though the Pd 0 component (peak A) intensity is very important, Pd 3d 5/2 also exhibits components with a core level shifted at higher binding energy. The presence of these latter reflects that either an oxidation and/or a C (C sp 2 or C sp 3 ) phase around the Pd atoms. Components B, C are related to the Pd-C-C (called Pd-C in the following text) and the Pd-CO located in the hollow/bridge [35, 40, 41] , respectively. This result is consistent with the C 1s component of Pd-NP (black line) in Fig 3 because CO (hollow/bridge) contribution is higher than the C (C sp 2 or C sp 3 contribution. This situation can be explained by the fact that the C-C peak overlap with the Ru 3d 3/2 , which increases the intensity of the peak at 284.5 eV. Figures 4(b-f) show a decrease of the Pd 0 (peak A) and the Pd-C component (peak B) while D (On-top CO) and E (4-fold Pd) contribution increases [35, 40, 41] . Low amounts of F (PdO) and G (PdO 2 ) peaks [35, 40, 41] can be also from the oxidation progress into the bulk of NPs. The relative contribution of the component C stays almost stable except in the Pd 0.1 Ru 0.9 .
Conversely to the Pd 3d 5/2 , Ru 3p 3/2 in Fig. 4 (1-6) indicate that the major part of the Ru remains metallic (Ru 0 ) according to component 2. We also observe that below 50 % of Ru molar ratio, we have three additional components at high binding energy [42] [43] [44] [45] corresponding to the Ru 4+ (peak 3), Ru 6+ (peak 4) and Ru 8+ (peak 5), respectively. Clean surface contribution (unsaturated as dangling bonds) corresponding to peak 1 is also observed in these latter samples. For PdRu-NPs with 70 % and 90 % of Ru, we record only the Ru 0 (peak 2).
Results from Fig. 4 highlight that metal segregation or miscibility in PdRu-NPs depends mainly on the molar composition. PdRu NPs extended surfaces have been shown to exist in three distinct surface structures. The surface configurations of these phases are schematically illustrated in Fig. 4 (I-IV) and can be named as follows [46] [47] [48] : the Pd overlayer on Ru in model III, the bi-metal alloy in model II and the mono-metal surface adsorption in models I and IV.
We remark that from Pd 0.9 Ru 0.1 to Pd 0.5 Ru 0.5 , both metals are partially oxidized as we can see in the schema in Fig. 4 (II) . This observation can be explained by the fact that the final structure of these latter (from the Pd 0.9 Ru 0.1 to Pd 0.5 Ru 0.5 -NPs) is an alloy structure [49, 50] . Above Pd 0.5 Ru 0.5 , we observe a change from alloy to core-shell structure [49, 50] as seen in Fig. 4 (III). This assumption is consistent by the fact that the Ru is fully metallic while the Pd is almost entirely oxidized. Surface adsorption are observed on the Pd and Ru M-NPs.
Core-level analyses from Fig. 4 support the fact that the best capability of the catalytic activities in the PdRu-NPs requires an optimum balance between the core-shell and alloy structures. In fact, from Kusada et al. report [16] , the CO to CO 2 conversion temperature in all of the PdRu-NPs are lower than those in pure Ru or Pd-NPs. The CO to CO 2 conversion temperature reached a minimum (temperature) with the Pd 0.5 Ru 0.5 which is located on the border between the PdRu with core-shell structures and PdRu with alloy configurations.
Optimal performance of Pd 0.5 Ru 0.5 may also be partially ascribed to the Ru atom in the interface layer situating between the bulk metallic NPs and the surface oxide layer (Ru atom with unsaturated bond). These near surface Ru metal can significantly drive or dictate the preferential occupation sites of the CO and O 2 adsorbate molecules [46] [47] [48] due to their excess charge relative to the dangling bond. Furthermore, to better explain the catalytic activities of these PdRu-NP systems, it is not enough to make a good interpretation considering the effect from the structure and chemical adsorption; it is also necessary to make a more detailed analysis taking into account specific electronic interactions related to the composition. Figure 5 provides an analytical description about electron exchange processes that occur from one metal to the other and the charge transferred between a metal and a reactant. We also provide details on how the exchange of electrons can be related to the chemisorption process and catalytic activity of NPs. In fact, Fermi level position (and the distribution of electrostatic potential) is tightly associated to the interfacial contact of metals. From the diagram in Fig. 5 (a) , we highlight the electron flow process across the interface of two different metallic atoms (schematize by a circle) due to the contact potential difference generated upon contact. In fact, by considering two neutral A and B atoms with different radii, the potential difference between the two metals is explicitly got through the work function difference (Φ A − Φ B ) [51, 52] . Further, the total amount of the transferred charge will be related to the size of the contact interface. This electronic exchange (from the metal with the lower work function to the other material) allows to keep the Fermi levels (E F ) of both metallic atoms equal as illustrated in Fig. 5 (b) . In this context, the energy to extract one electron has to be the same in any surface point of the bimetallic structure. The contact potential (Ψ) of each atom is constant due to the fact that most of this transferred charge is retained at the interface as an interfacial dipole [51, 52] . Furthermore, the surface charge distribution is not uniform on each atom surface after the Fermi level equilibration. Due to the inhomogeneous surface potential (χ), metal B acquires a low surface charge density because of its large radius whereas metal A has a high surface charge density (relative to its small radius) even though the absolute charges on both metal are the same as shown in Fig. 5 (a) . Consequently, there are different electrostatic interaction (attractive or repulsive) between each metal and reactants ( Fig. 5 (c) ), which strongly affect the chemisorption mechanisms. These theoretical predictions may contributed to explain the experimental data (in Fig. 4 ). Indeed, Pd may be identified to the B and the Ru to the A in Fig. 5 (c) . From that, we can show that Pd (with r P d = 1.37 Å and Φ P d ∼ 5.12 eV) is more ability to react with CO molecules than the Ru (with r Ru = 1.34 Å and Φ Ru ∼ 4.71 eV). In fact, From the Langmuir-Hinshelwood (LH) theory of adsorption, the description of carbon monoxide oxidation (CO + 1 ⁄2 O 2 → CO 2 ) shows that the CO molecule bonds FIG. 5: Geometrical illustrations depicting the electron exchange process theory in BM-NPs: (a) shows schematically the potential distribution after metallic contact of A and B atoms. r represents the symmetry axis through the metal contact. Φ, Ψ and χ are the work function, contact potential and surface potential, respectively. (b) highlights electron flow from the lower Φ A to the higher Φ B upon the contact, the Fermi level (E F ) of the equilibrate AB NP and the final d-band of AB bimetal after electron filling and orbital overlap of monometal d-bands and (c) show a selective reactants (molecules) metal NP due to the none uniform distribution of the surface charge (surface potential). δ + and δ − represent the slightly positive and negative surface charge, respectively on the NP surface through the carbon atom which is (δ + ) due to the an unequal sharing of electrons between the carbon and the oxygen atoms (electronegativity differ-ence between oxygen and carbon ). In this context, the negative electron density on the surface of the Pd will be the most favourable site for the carbon NP interaction. We assume also that the O 2 will tend to link with the Ru atoms according to the higher oxidation observed in the Fig. 4(b) . Indeed, for O 2 the electron density around each oxygen atom is equal which indicates that the bond's pair of electrons is shared equally between the two oxygen atoms. However, non-bonding pairs of electrons (or lone pair) may tend to interact with the surface of Ru which is relatively electro-positive. This distinguish adsorption site for CO and O 2 represents a good way to reduce the overcrowding issue on the surface. It also facilitate the migration of CO and O (after dissociation) and leads to the efficiency formation of the CO 2 . Figure 6 shows the experimental comparison of electronic states of Pd X Ru 1−X NPs particularly on the width, shapes and position of the valence band maximum (VBM). Linear extrapolation of the valence [53] reported in Fig. 6 (a) gives valuable information. We observe that the VBM of Ru-NP move toward the higher binding energy relative to the Pd-NP. These results are consistent with the fact that the Pd-NP presents mainly Pd-CO and Pd-C adsorption whereas the Ru-NP displays several high degree of oxidation (Ru 4+ , Ru 6+ and Ru 8+ ) as reported in Fig. 4 . In other word the electronic charges exchange (or interaction) involved in the Pd-CO and Pd-C are less than in the case of Ruthenium in which the Ru surface atoms bound with several oxygen atoms. Finally, VBM positions of Pd X Ru 1−X -NPs are in agreement with of the combination of the Ru and Pd monometallic properties. Furthermore, besides the charge transfer already illustrated in Fig. 5 and Fig. 4 , some other parameters can have a drastic effect on catalytic responses of NPs.
Catalytic activity can be explained partially in terms of lattice constant size. In fact, when the lattice constant decreases (increases), the spatial delocalization of the orbitals increases (decreases) producing the extension (compression) of d band. In additional we assume that sizes of orbitals involved to these interactions may probably undergo some modifications. Thus, the adsorption strength of reactants on metal surface also changes due to the modifications of the electronic valence states. In fact, based on the analytical Newns-Anderson-Grimley model [54] to describe the chemisorption, we can remark that the spatial delocalization of orbitals (related to the lattice constant) impacts the interaction between reactants and d band structures of metal surface. In the case of narrow valence band like d band, bonding and antibonding rehybridized states usually result due to the fact that the band is narrower than the interaction strength. However, coupling strength (weak or strong coupling) depends on d band width. According to values of Pd X Ru 1−X reported by Kusada et al. [16] by using the Rietveld refinements of the XRD profiles, the lattice constant decreases linearly with increasing the molar ratio of the Ru. In this case, we can expect to get a stronger coupling for the Pd-rich NPs (with larger lattice constant) than the Ru-rich NPs (with smaller lattice constant). These results are consistent with the trend of the width trend from the Pd-NP (black curve in Fig 6 (b) ) to the Ru-NP (red curve in Fig  6 (d) ).
There also exist some effects relative to the chemical nature of metals such as the number of electrons or the number of nearest neighbours [55] . We can underline that when the Ru ratio increase, totale amount of electron change which can highly affect the charge transfer between the BM-NPs and the adsorbate molecule according to the model of Hammer and N??rskov [56] . From Fig  6 (c) , the optimum catalytic activity of the Pd 0.5 Ru 0.5 -NP may result from the optimum balance between number of electron, the number of nearest neighbours and the spatial extension of the d-band (or orbitals). Indeed, even though the Pd 0.3 Ru 0.7 and Pd 0.7 Ru 0.3 have the same VBM that the Pd 0.5 Ru 0.5 , the CO oxidation of this latter is more efficient. Pd 0.5 Ru 0.5 -NP presents a large distribution of the electronic states (as shown by arrows in Fig 6 (c) ), which suggests that the electron back-donation (charge transfer) of the Pd can be tuned by the presence of the Ru. In fact, due to the d-band overlaps, electron can easily move from the Ru and Pd to the reactant.
CONCLUSIONS
We analyzed chemical and electronic structures of Pd X Ru 1−X BM-NPs depending the Ru molar composition. We have employed the synchrotron-based hard X-ray photoelectron spectroscopy (HAXPES) to study the correlation between the chemisorption/catalytic performances and the core levels and valence band data. We found good agreement with the catalytic CO to CO 2 conversion behaviors and the physical-chemistry states of PdRu-NPs. C 1s core level spectra highlight the Pd 0.5 Ru 0.5 NPs which provide the highest catalytic performance clearly reveals the presence of CO at the top site (preferential adsorption) whereas other samples exhibit two components associated with the bridge and hollow CO sites. We observe a higher adsorption on the Pd 3d 5/2 than Ru 3p 3/2 when the Ru content increase. Experimental results point out a transition from the alloy to the core-shell structures with increasing the Ru molar ratio. Optimum catalytic response of the Pd 0.5 Ru 0.5 -NP was related to the optimum d-band extension and most advantageous balance between the core-shell and alloy structures. An valuable consequence of our present study is that they provide the basics and the possibility to investigate future multi-metallic NPs Such as PdRuM (M : Ir, Au, Pt, etc.) and we hope that it will inspire such advances.
Sample preparation
Pd, Ru and Pd X Ru 1−X NPs (X=0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1) samples were synthesized by using a chemical reduction method . More description of this technique can be found in ref [16] . Left part of Fig. 7 shows schematically a combination of Pd and Ru atoms. The poly(N-vinyl-2-pyrrolidone) (PVP) as the stabilizing agent was dissolved in triethylene glycol (TEG) used as the solvent and reducing agent. The solution was heated to 200 • C in air with magnetic stirring. Simultaneously, metal precursors based on the K 2 [PdCl 4 ] and RuCl 3 .nH 2 O were dissolved in deionized water and slowly added to the TEG solution. The solution was maintained at 200 • C while adding the solution. After cooling down to room temperature, PdRu NPs were disassociated by centrifugation procedure. By tuning the Pd 2+ /Ru 3+ molar ratio of the metal precursors, different nominal composition of binary NPs were obtained. The details of the size from Transmission electron microscopy observation and structures of PdRu NPs are listed in the Table II.   TABLE II: From the TEM images, sizes were estimated by averaging over at least 300 particles. The synchrotron XRD measurements were used to find the structures [16] .
Sample
Mean diameters Patterns Hard X-ray photoelectron spectroscopy analysis HAXPES measurements of Pd, Ru monometallic NPs as well as the PdRu bimetallic NPs were carried out at the National Institute for Materials Science (NIMS) contract beamline, BL15XU of the SPring-8 synchrotron facility in Japan [57] as illustrated schematically in the right side of Fig. 7 . A linearly polarized X-ray beam in the horizontal plane was used to investigate NPs. The excitation photon energy was established by using a Si 111 double crystal monochromator and the 333 reflection of a Si channel cut crystal monochromator. Photoelectrons were analyzed by using a VG Scienta R4000 spectrometer. The total energy resolution (photon and spectrometer bandwidths) was estimated to be 0.231 eV (pass energy of 200 eV) for the excitation photon energy 5.95 keV. During the measurements, the analysis chamber pressure was maintained around 10 −8 mbar. HAX-PES spectra were recorded at room temperature. Due to the insulated property of PVP, mono and bi-metallic NPs were mixed with carbon powder to cancelled the chargeup phenomenon. CasaXPS (CASA Software Ltd.) was used for data analysis [58] . The binding energy scale was calibrated by using the standard Au Fermi edge energy.
